Abstract pAn-DsRed2 vector was constructed for constitutive cytoplasmic expression of the red fluorescent protein (DsRed2) under control of the glyceraldehyde-3-phosphate dehydrogenase gene promoter from Aspergillus nidulans. DsRed2-transformation of two Fusarium oxysporum f. sp. lycopersici strains pathogenic against tomato host resulted in bright red cytoplamic fluorescence of the fungus. The transformants were screened based on the hygromycin B resistance, brightness, stability and rate of appearance of the DsRed2 fluorescence. The transormed fungi were growing normally and their pathogenicity did not change after transformation procedure. The function of novel DsRed2 marker was verified by fluorescence microscopy of the infected tomato seedlings. The results indicate that DsRed2 can be used as a efficient novel reporter gene for monitoring of the F. oxysporum within the host tissues.
Introduction
Fluorescent reporter proteins are useful tools for plantm icrobe interaction studies, frequently used to monitor behavior of microorganisms within plant tissues under varying physiological conditions. The use of £uorescent markers such as green £uorescent protein (GFP) has advantage of not requiring cofactors or substrates. Several other £uorescent markers, recently introduced, could potentially widen the use of multi-color labeling. They could help to follow colonization of host plants by several microorganisms at the same time. DsRed is a GFP homologue [1] , naturally occurring in the colored body parts of a coral Discosoma sp. It was found to have the longest excitation and emission maxima for a wild-type spontaneously £uorescent protein (558/583 nm) [2] . Due to relatively distant emission maxima, the discrimination between GFP and DsRed transformants using confocal microscope is easy [3] , which makes DsRed the ideal partner for dual-labeling systems with GFP. DsRed has generally several other advantages compared to GFP for use as a single color £uorescent marker, since it provides a higher signal-to-noise ratio and it is relatively resistant to photobleaching [4] . However, DsRed displays very slow maturation of the chromophore and it creates large amounts of insoluble aggregates in transformed organisms [4] . Therefore, DsRed2 has been developed through a combination of random and site-directed mutagenesis of the wild-type of red £uorescent protein, which enhanced the £uorescence, improved the solubility and speed of maturation compared to the wild-type [5] .
Since introduction, GFP has been used for colonization studies of the host plant with pathogenic fungi belonging to several formae speciales of Fusarium oxysporum (FO) causing severe wilt and root rot diseases in many economically important crops [6, 7] . One of the most potent possibilities for the biological control of the disease is the application of non-pathogenic strains belonging to F. oxysporum, which can protect plant against its speci¢c pathogen [8] . Competition with the pathogen for infection sites has been proposed as one of the modes of action of the non-pathogenic Fusarium strains. Colonization patterns of the pathogenic F. oxysporum f. sp. lycopersici (FOL), the causal agent of tomato wilt disease and a non-pathogenic strain of F. oxysporum have been already compared and demonstrated by using glucuronidase (GUS) reporter gene [9, 10] . However the study was limited by the lack of a second reporter gene which could allow the simultaneous monitoring of both biocontrol and pathogenic strains under the co-inoculation condition. In addition, the use of GUS is laborious and requires addition of an external substrate. Therefore, a dual £uorescent labeling system as a combination of GFP-and DsRed2-transformed pathogenic and non-pathogenic Fusarium strains would o¡er the possibility to overcome such constraints.
Several reports have been published for the use of DsRed as a reporter in mammalian, plant and yeast cells [11^13] . Recently, Czymmek et al. [14] introduced study on Magnaporthe grisea constitutively expressing RFP, EYFP, EGFP, ECFP and EBFP under ribosomal protein 27 promoter during colonization of barley.
In the present study, we show the use of improved version of red £uorescent protein, DsRed2 as a £uorescent reporter in pathogenic FOL. Our results demonstrate the construction and use of pAN-DsRed2 vector for constitutive expression of the marker protein in cytoplasm of the fungus under control of glyceraldehyde-3-phosphate dehydrogenase gene (gpd) promoter from Aspergillus nidulans. Potential application of the developed £uorescent marker in tomato^Fusarium interactions is also discussed.
Materials and methods

Fungal strains, host plant, pathogenicity test
Two isolates of FOL, (FOL-S) derived from the roots of broad bean and causing wilt on tomato, collected in the south of Sweden and FOL8 strain (race 0) obtained from Professor C. Alabouvette (Laboratoire de Recherches sur la Flore pathoge ¤ne dans le sol INRA-CMSE, DIJON Cedex, France), were used in this study.
The inoculation of tomato seedlings, cultivar Danish Export, with spore suspensions prepared from transformed strains was performed in hydroponic culture according to Olivain and Alabouvette [9] .
pAN-DsRed2 construction
For ampli¢cation of DsRed2 region from pDsRed2 vector (BD Biosciences Clontech, CA, USA) and creation of compatible restriction sites for BsmBI and BamHI, forward (5P-CGC ACC GTC TCC CAT GGC CTC CTC CGA GAA-3P) and reverse (5P-CGC ACG GAT CCG CTA CAG GAA CAG GTG GCG GCC CT-3P) primers each containing a 5P-oligonucleotide extension (underlined nucleotides) were used.
Vector pAN-GFP containing GFP under the control of A. nidulans gpd gene promoter and trpC terminator, kindly provided by Dr. Claudio Scazzocchio (Institut de Ge ¤ne ¤-tique et Microbiologie, Universite ¤ Paris-Sud, Orsay Cedex, France), was employed for pAN-DsRed2 construction. Firstly, the pAN-GFP vector was digested with NcoI and BamHI followed by a dephosphorylation step using calf intestine alkaline phosphatase. Gel-cleaned digested fragments were EtOH precipitated and used for ligation reaction with DsRed2 insert. The construction of pANDsRed2 was veri¢ed by sequencing of the plasmid in both directions.
Transformation of FOL
Spore suspension was prepared by inoculation of 1l Erlenmeyer £asks containing 400 ml of Czapek-Dox (CD) (Oxoid, Basingstoke, UK) liquid medium with mycelial plugs of FOL8 or FOL-S growing on potato dextrose agar (PDA) (Difco, Detroit, MI, USA). Inoculated £asks were shaken at 150 rpm for 3 days at 25 ‡C. Then mycelia were removed from spore suspension by ¢ltration through two layers of sterile 30-Wm polyester mesh and spores were collected and washed by centrifugation.
Protoplast preparation and transformation of FOL with pAN-DsRed2 was performed according to the protocol of Kistler and Benny and plasmid solution (20 Wl) were mixed and incubated for 30 min on ice. The addition of 1.2 ml of PEG solution (60% (w/v) PEG 6000; 50 mM CaCl 2 ; 10 mM Tris, pH 7.5), was followed by another 30 min incubation. Finally, the protoplasts were washed with 0.5 M MgSO 4 in 0.1% (w/v) PDB, resuspended in the same solution and spread on CD agar medium containing 0.8 M saccharose, 10 mM Tris (pH 8.0) and 70 Wg ml 31 of hygromycin B (Gibco BRL, Grand Island, NY, USA). The amount of hygromycin B was increased to 100 Wg ml 31 in the subculturing of the transformants.
Fluorescence microscopy
The screening of the colonies was performed under a Leica MZ FLIII stereomicroscope (Leitz, Germany) equipped with mercury lamp and green £uorescence ¢lter set (546/10 nm excitation ¢lter and 590 nm barrier ¢lter). The £uorescence microscopy pictures of the selected transformants were obtained using a Leica DMRXE £uores-cent microscope equipped also with mercury lamp; Hamamatsu digital camera and green £uorescence ¢lter (BP 515-560 nm; dichromatic mirror 580 nm; 590 nm barrier ¢l-ter). The £uorescence and light micrographs of the infected host roots were imported to Adobe Photoshop 6.0 and the images were merged.
Results and discussion
F. oxysporum has been already successfully transformed using the plasmids containing hygromycin [15] and phleomycin resistance genes [16] by exploitation of the transformation procedures generally based on preparation of protoplasts and subsequent PEG/CaCl 2 -mediated DNA uptake. Resistance to the aminoglycosidic antibiotic, hygromycin B, was also used for primary screening of the transformants in the present experiments. Here we developed and applied the method for DsRed2-transformation of two FOL strains pathogenic against tomato host. Transformation e⁄ciency obtained from co-transformation of FOL-S and FOL8 with a mixture of 30 Wg of pAN-DsRed2 and 15 Wg of pAN was between 12 and 20 transformants per 10 7 protoplasts, a value comparable with e⁄ciency of the hygromycin B-transformation procedure [15] . The small colonies resulting from the recovered protoplasts had become visible 2 days after transformation. However, DsRed2 expression was detected for the ¢rst time 3 days after transformation, probably due to postponed expression and maturation of DsRed2 protein.
Transformants were selected based on the highest brightness of red £uorescence at excitation wavelength equal to 546 nm using stereomicroscope equipped with 590 nm barrier ¢lter. Transformants with the best DsRed2 expression, stability of £uorescence, hygromycin resistance, as well as with the growth rate and colony morphology sim- ilar to those of the wild-type strains, were taken for the subsequent experiments. The stability of the expression of DsRed2 was proved at least during 10 passages of transformants on PDA or CD liquid medium. Transformation of FOL strains with plasmid encoding DsRed2 resulted in high and constitutive expression under the control of the A. nidulans gpd promoter, thus exhibiting bright red cytoplasmic £uorescence (Fig. 1) . The transformed fungus produced microconidia normally on CD medium. However, the intensity of the red marker varied among the microconidia probably due to the di¡erent age of the spores and shift in DsRed2-expression (Fig. 1A) . The germinated microconidia exhibited bright £uorescence (Fig. 1B) , as well as macroconidial germ tubes (Fig. 1C) and mycelia of 5-day-old culture (Fig. 1D) .
To test if spontaneous mutation did not a¡ect the phenotype of the transformants, mycelial growth and appearance of the colonies were compared with the wild-type and GFP-transformed strains. According to our observations, there was no di¡erence in tested characteristics compared to the controls. Two transformants from each of FOL8 and FOL-S were also tested for their pathogenicity to the 4-day-old tomato seedlings, cultivar 'Danish export' grown in hydroponic culture. The plant pathogenicity assays indicated that DsRed-2 transformants of FOL8 and FOL-S infected tested host plants in the normal fashion compared to the wild-type strains. Typical symptoms, such as browning of hypocotyls and wilting of seedlings, were induced in all tested tomato seedlings (18 seedlings for each strain) 4 to 5 days after inoculation by dipping of the roots in 10 6 ml 31 spore suspension of the wild-type and the transformed FOL strains. After symptoms development, the function of the red £uorescent marker was evaluated by £uorescence microscopy of the infected roots. Since the auto£uorescence of the host tissues was very low at the emission wavelength of DsRed2, merging of the light and £uorescence microscopy images helped to visualize the position of the infecting hyphae within the host tissues (Fig. 2) .
Maturation rate has very often been considered as a limiting factor of the wild-type DsRed utilization as an e⁄cient marker. Maximum red £uorescence of bacterially expressed DsRed was detected after approximately 48 h [4] . According to Bevis and Glick [5] , DsRed2 contains amino acid substitutions V105A, I161T, and S197A, which results in about two-times faster development of red £uo-rescence compared to the wild-type. For successful application of the marker, it was very important to evaluate the rate of DsRed2 marker development and maturation after its expression in FOL. We observed that the red £uores-cence of young mycelia was very intense at 24 h after spore germination in liquid medium and after a similar period on the inoculated tomato seedlings. In conclusion, the rate of £uorescent marker appearance was not limiting the process of monitoring of FOL colonization patterns within the host tissues.
The developed red £uorescent marker could be potentially used as a single color cytoplasmic marker for monitoring of the pathogen during compatible interactions with susceptible host plants. Due to the exceptional spectral properties of the red £uorescent marker, the combination with GFP would allow us to visualize the interactions of DsRed2-transformed pathogenic FOL and GFP-labeled non-pathogenic bio-control Fusarium strains with the host plant. Potentially, it could be also used for quanti¢cation of their biomass during the colonization process.
The present study demonstrated the possibility to use DsRed2 as a constitutively expressed £uorescent marker in FOL strains. The described method based on the transformation of the pathogen with constructed pAN-DsRed2 produced stable transformants with exceptionally bright red £uorescence. Since the spontaneous mutation (genetic transformation) process and DsRed2 expression did not in£uence original wild-type properties and behavior of FOL, the marker would provide a useful tool for analyzing the colonization and competition mechanisms by fusaria on the host plant roots. 
